Objectives: Gonadoliberin (GnRH) analogs may be expected to indirectly modify growth hormone (GH) total concentration and its 24-h secretion profile. As a consequence, changes in the levels of GH may modify the mechanism of sexdependent cytochromes P450 (CYP450) synthesis, including the expression of transcriptional factors. The aim of the study has been to evaluate the effect of long-term administration of a low dose of GnRH analogs on hepatic expression of CYP2C and CYP3A isoforms, and the transcription factors: pregnane X receptor (PXR), hepatocyte nuclear factor 4α (HNF4α), HNF6 and signal transducers and activators of transcription 5b (STAT5b). Material and Methods: The study was carried out on adult female Sprague-Dawley rats during a 3-month treatment with dalarelin (GnRH agonist) and cetrorelix (GnRH antagonist), at a daily intraperitoneal injection (i.p.) dose of 6 μg/kg body weight/day, and 1, 2, and 4 weeks after treatment discontinuation. The concentrations of ovarian hormones and GH in the blood serum were determined by radioimmunoassay and enzyme-linked immunosorbent assay (ELISA) method, respectively. Then, the expression of hepatic CYP450s (reverse transcription polymerase chain reaction -RT-PCR, Western blot and immunohistochemistry) and transcription factors (RT-PCR) was evaluated. Results: We have found that cetrorelix induces changes in the circadian pattern of GH secretion and enhances GH blood concentrations. These changes may cause increased expression of both, female-specific CYP450s (especially CYP3A9), and HNF4α/HNF6 transcription factors. Decrease in GH blood concentrations, resulting from the effect of dalarelin, may promote inhibition of female-specific CYP2C12 and CYP3A9 isoforms as well as STAT5b transcription factor. Slight changes in sex-independent CYP3A1 protein expression caused by GnRH analogs were also observed. Conclusions: In adult female rats, HNF4α/HNF6 and STAT5b seem to be crucial for the regulation of GnRH antagonist/GH-and GnRH agonist/GH-dependent pattern of CYP450 expression, respectively.
INTRODUCTION
Enzymes belonging to the superfamily of cytochrome P450 (CYP450) participate in the 1st phase of the metabolism of xenobiotics. Cytochrome P450 2C is the most abundant CYP450 subfamily of rat liver, performing some functions of rat and human CYP3A enzymes [1] [2] [3] . Rat CYP2C11 and CYP2C12 are examples of sex-specific liver cytochromes CYP2C [3] . Cytochrome P450 2C11 is a prototypic class I male-specific gene [4] whereas CYP2C12 is a class I female-specific gene [5] . Cytochrome P450 3A subfamily is very important in rodents and humans because it participates in the metabolism of 40-60% of all drugs currently used in medicine [6] . Rat CYP3A1 is an ortholog of human CYP3A4 [1, 7] . Cytochrome P450 3A2 is a member of class II male-specific CYP450 that is not recognized in intact females at the protein level [8] . Hypophysectomy conducted in male rats caused 3-4-fold increase in CY-P3A2 and CYP3A18 messenger ribonucleic acid (mRNA) expression but it did not affect CYP3A9 mRNA levels or CYP3A-mediated testosterone 2β-or 6β-hydroxylase activity [9] . Cytochrome P450 3A9 (a female-specific member of the CYP3A subfamily) is the "predominant" isoform in the liver of adult female rats because its expression is 3-10 times higher in females as compared to males [3] . The expression of hormone-dependent CYP450 has been known to be directly or indirectly regulated by growth hormone (GH) -the main hormonal regulator as well as sex and thyroid hormones, glucocorticoids, insulin, glucagon, cytokines and others [3] . Signal transductions are strictly connected with the activation of numerous DNAbinding proteins involved in the regulation of the expression, primarily at the stage of transcription [10] . Growth hormone activates mainly Janus kinase and signal transducer and activator of transcription (JAK-STAT) signaling pathway, where the key players are STAT proteins, cooperating mostly with hepatocyte nuclear factors IJOMEH 2016;29(2) 295 cytological analysis of vaginal smears during 2 consecutive 4-day cycles). Once a day, the animals from the experimental groups were administered GnRH analogs intraperitoneally at a dose of 6 μg/kg body weight (b.w.), dissolved in 0.9% sodium chloride. Drug administration started when the females were in the proestrus phase. Animals from groups D (dalarelin) received subcutaneous injection of dalarelin acetate (BAPEX, Ryga, Latvia; a gift from prof. F. Ryszka (Biochefa, Sosnowiec, Poland)). Animals from groups C (cetrorelix) were administered cetrorelix acetate (ChemPep, Inc., Wellington, USA). Both analogs were administered for: 1 month (group ID and IC), 2 months (group IID and IIC) and 3 months (group IIID and IIIC). The rats from the control groups were concurrently administered placebo (0.9% sodium chloride) for 1 month (IK), 2 months (IIK) and 3 months (IIIK). After the specified period of time (1, 2 or 3 months) of analog or placebo administration, and 1 week (groups IIIK+1, IIID+1, IIIC+1), 2 weeks (groups IIIK+2, IIID+2, IIIC+2) and 4 weeks (groups IIIK+4, IIID+4, IIIC+4) after the 3-month treatment with each analog, the animals were sectioned to excise the liver and to draw a probe of blood. The study was accepted by the Local Ethics Committee.
Hormonal assays
During autopsy, blood from the left ventricle of the heart was drawn and allowed to clot. Then, it was centrifuged in MPW 360 centrifuge for 15 min, 3000 revolutions per minute (rpm), and the obtained serum was kept at -20°C. The concentrations of steroid hormones: 17β-estradiol, progesterone and testosterone were determined by radioimmunoassay (RIA), according to the producer's protocol (Immunotech, Marseille, France). The daily profile of the total GH concentration was evaluated after 2 and 3 months of GnRH analogs administration and 1 and 2 weeks after its discontinuation. In order to set the 24-h profile of the GH concentration, modify the GH total concentration and its 24-h secretion profile [24] . As a consequence, they might influence the mechanism of CYP450 expression, including the expression of transcriptional factors, independently of sex hormones. In order to investigate the GH-dependent expression of CYP2C and CYP3A subfamilies, we applied a new experimental model, in which changes of the 24-h GH secretion profile in rats occurred under the conditions of a long-term pituitary desensitization caused by application of GnRH agonist and antagonist [25] . We evaluated hepatic expression of CYP2C and CYP3A isoforms in connection with the changes of liver-enriched transcription factors: HNF4α, HNF6, STAT5b (signal transducer and activator of transcription 5b) and PXR receptor, and GH secretory pattern. Twenty-four-hour changes in serum GH concentrations were stimulated by a long-term administration of GnRH agonist -dalarelin, and antagonist -cetrorelix. The changes were observed during a 3-month period of analog administration and 1 month after treatment discontinuation.
MATERIAL AND METHODS

Animals
The study was performed on sexually mature 3-month-old female Sprague-Dawley (SD) rats, weighing 200-220 g, purchased from the Center for Experimental Medicine, Medical University of Silesia in Katowice. During the experiment, the animals were housed in cages, with standard conditions of temperature and humidity. The animals were kept under a 12-h/12-h cycle of either light/ dark (7 a.m. -7 p.m., respectively) with ad libitum access to food and water. Each week, the animals were weighed to adjust the proper dose of GnRH analogs. The animals were divided into 6 control groups (K groups) and 12 experimental groups (6 rats in each). Control rats, at the moment of decapitation, were in the proestrus phase of the reproductive cycle (confirmed by the IJOMEH 2016;29(2) 296 primers specific for the investigated rat genes and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) reference gene (Table 1) . Amplification was carried out by 26 repeated cycles at 94°C for 1 min, 54-66°C (gradient temperature) for 1.5 min, and 72°C for 1 min on the Programmable Thermal Controller PTC-200 (MJ Research, Inc., Watertown, MA, USA). An aliquot of each reaction mixture was subjected to electrophoresis in a 2% agarose gels. Gels were stained with ethidium bromide and analyzed qualitatively (base pairs) and semi-quantitatively by densitometry (One D-scan software, Scanalytics).
Western blotting
In order to assess CYP450 and PXR protein expressions, microsomal and nuclear fractions were isolated from liver homogenates, respectively [27] . The protein content was determined according to Bradford [28] . The samples of 5-10 μg of protein were subjected to polyacrylamide gel (8%) electrophoresis in the presence of sodium dodecyl sulphate [29] . Then, the proteins were blotted electrophoretically onto polyvinylidene difluoride (PVDF) 200 μl of the blood from the rat tail vessels was drawn at closely fixed hours (9 a.m., 10:30 a.m., noon, 1:30 p.m., 3 p.m., 4:30 p.m., 6 p.m., 9 p.m., midnight, 3 a.m., 6 a.m., 7:30 a.m.) to the test-tube containing 20 μl of heparin. Next, test-tubes were centrifuged in MPW 360 centrifuge for 15 min, 2000 rpm. The achieved plasma was kept at -20°C until biochemical analyses. Growth hormone concentration in the blood serum was assessed by means of the enzyme-linked immunosorbent assay (ELISA) method (Rat GH Enzyme Immunoassay Kit, category No. A05104, SPI-bio), according to the protocol provided by the manufacturer.
Reverse transcription-polymerase chain reaction (RT-PCR)
Total cellular RNA was isolated from the liver by acid guanidinium thiocyanate/phenol/chloroform extraction using the commercially available kit (Trizol TM) [26] . Ribonucleic acid was reversely transcribed into complementary deoxyribonucleic acid (cDNA). Reverse transcription (RT) reaction was carried out at 42°C for 1 h. The polymerase chain reaction (PCR) mixture contained 297 not available commercially. Cytochrome P450 3A9 immunodetection is possible because of high homology with male isoform CYP3A2. However, its band migrates slower than CYP3A2 during gel electrophoresis [30] . Supersomes, cDNA-expressed rat isoforms: CYP2C11, CYP2C12, CYP3A1 and CYP3A2 (Corning), as well as dexamethasone-induced microsomes were used as a standard ( Figure 1 ). Molecular weight markers were purchased from Bio Rad. Intensities of stained bands in gels were analyzed for densitometric differences with One D-scan software (Scanalytics).
Immunohistochemistry
Expression and localization of CYP450 and PXR proteins in zones of liver acini were visualized with avidin-biotin membrane (Millipore) and afterwards microsomal isoforms of CYP450 and nuclear PXR were identified with Western blot immunoassay. Polyclonal antibodies to: CYP2C11, CYP2C12 (Abcam), CYP3A1, CYP3A2 (Chemicon) and PXR (Santa Cruz) were developed in the rabbit and goat. Bound primary antibodies were detected with goat anti-rabbit or mouse anti-goat secondary antibody conjugated with alkaline phosphatase and the reaction was developed with BCIP/NBT (5-bromo-4-chloro-3-indolylphosphate/nitro blue tetrazolium) liquid substrate system (Sigma), according to the manufacturer's instruction. Cytochrome P450 3A9 protein was assessed using anti-CYP3A2 antibody because anti-CYP3A9 antibody was Supersomes, cDNA-expressed rat isoforms: CYP2C11, CYP2C12, CYP3A1 and CYP3A2 (a and b) as well as microsomes from dexamethasone-induced (Dex) and non-induced (UT) males (c) were used as positive controls. Dex rats were administered dexamethasone twice at a daily intraperitoneal injection (i.p.) of the dose at 30 mg/kg body weight (b.w.). In females CYP3A9 protein was assessed using anti-CYP3A2 antibody. Anti-CYP3A2 antibody binds CYP3A9 but its band migrates slower than CYP3A2 during gel electrophoresis. Cytochrome 3A2 was not identified in female intact rats ( 298 not be assumed. Differences were considered significant if p < 0.05.
RESULTS
Hormonal changes
We noticed significantly reduced serum concentrations of 17β-estradiol in analog-treated rats. Concentrations of progesterone were low and unchanged in dalarelintreated rats, and reduced (p < 0.05) in cetrorelix-treated females. In most groups, changes in levels of testosterone were statistically insignificant ( Table 2 ). In the case of the GH, we observed age-dependent reduction of mean 24-h concentrations between months 5 (group II) and 6 (group III), and its stabilization in subsequent age groups; inhibitory effect in rats treated with dalarelin for 3 months, as well as after cessation of injections; and inductive effect in rats treated with cet rorelix for 2 and 3 months (Table 3) .
We investigated the 24-h profile of plasma GH secretion and found that 24-h GH secretion in 5-month-old control female rats (group II) was characterized by increasing hormone concentrations, with maximum at 1:30 p.m. (10.24 ng/ml) and minimum at 6 p.m. (3.75 ng/ml) ( Figure 2) . The growth hormone level was stable during night hours and kept at the level of the 24-h mean value (6.55 mg/ml).
In the control group of 6-month-old (group III) and 6.5-month-old rats (group III+2), 24-h fluctuations of GH concentration were not distinct. We found that 2-and/or 3-month treatment of rats with dalarelin caused 24-h changes in serum GH levels statistically insignificant in many time points as compared to appropriate controls ( Figure 2 ). The influence of cetrorelix on the 24-h profile of the GH secretion was more distinct. After a 2-month treatment there was a strong tendency to increase the hormone levels with the daily maxima at 7:30 a.m. (increased by 227%) and at 10:30 a.m. (increased by 383%). The smaller increase was observed complex (ABC) [31] . Tissue samples taken from the left liver lobe were fixed in 10% neutral-buffered formalin, subsequently passed through graded alcohol solutions and xylenes, and finally embedded in paraffin blocks. Slices of 5 μm in thickness were placed on silane-coated slides, deparaffinized and rehydrated. For quenching the endogenous peroxidase activity, tissue sections were blocked with 1.5% (v/v) H 2 O 2 for 10 min. In the case of PXR, to make antigens more accessible, demascation in the oven (850 W, pH = 6, 3 min) was performed. Before incubation with the primary antibody, the sections were washed 2 times (5 min each) in TBS (Tris-buffered saline) and pretreated with 1% BSA (bovine serum albumin) for 30 min to block places of nonspecific binding of antibodies.
Appropriate primary antibodies (anti-CYP2C11 and anti-CYP2C (Abcam), anti-CYP3A1 and anti-CYP3A2 (Chemicon) and anti-PXR (Santa Cruz)) were added, and the sections were incubated for 22 h at 4°C. This step was followed by incubation with proper biotinylated secondary antibody. Final visualization was achieved by using the avidin-biotin-peroxidase complex kit (Vectastain ABC Kit, Vector Laboratories), freshly prepared DAB (3,3'-diaminobenzidine) and hydrogen peroxide according to the protocol provided by the manufacturer. Appropriate negative controls were done. Levels of expression of the studied proteins were determined by densitometry (Image ProPlus software). The documentation of immunohistochemical reactions was performed with the SSC-DC58AP camera (Sony) coupled with the optical microscope Eclipse E600 (Nikon). In 2 months cetrorelix-administered female rats the highest levels of the GH were observed in the light phase (day) (Figure 2 ) but the GH secretory pattern was not changed into the male-specific pattern. Similar changes in GH concentrations were observed after 3 months of K -control; D -dalarelin; C -cetrorelix; M -mean; SD -standard deviation; n.d. -not detected. I -1 month of treatment; II -2 months of treatment; III -3 months of treatment; III+1 -3 months and 1 week after treatment discontinuation; III+2 -3 months and 2 weeks after treatment discontinuation; III+4 -3 months and 4 weeks after treatment discontinuation. * Statistically significant as compared to appropriate controls (K) (p < 0.05).
Statistical analysis
The measurement was performed between 9 a.m. and 10 a.m. Groups IIID+2 and IIIC+2 were compared with IIIK+1 and IIIK+4 controls. Rats from groups I, II, III and III+4 were 4-, 5-, 6-and 7-month-old, respectively, at the time of decapitation. and month 7 (group III+4) of age. During 3 months of dalarelin and cetrorelix administration, statistically insignificant changes of this expression were noted ( Figure 3 , Table 4 ). The expression of CYP2C11 protein in the liver of control and analog treated female rats was weakly detectable (data not shown).
Low and individually variable male-specific CYP3A2 mRNA expression was detected in the livers of females administered dalarelin (Figure 4 ).
Nevertheless, most of the differences between the maximal and minimal values were statistically significant. The tendency for the GH concentration values to decrease was maintained after discontinuation of cetrorelix administration, and it resulted in the equilibration of GH concentrations at the level of control values in almost all time points.
Cytochrome mRNA, protein expression and immunolocalization "Male" CYP isoforms In control females, male-specific CYP2C11 mRNA expression was detectable between month 4 (group I) Abbreviations as in Table 1 During the period of treatment, dalarelin did not cause changes in female-specific CYP3A9 mRNA expression ( Table 5 ). Administration of dalarelin caused the decrease in CYP3A9 protein expression after 1, 2 and 3 months by 13%, 42% and 71% (p < 0.05), Cytochrome P450 3A2 mRNA expression was practically undetectable in the control groups, and experimental groups after dalarelin administration was stopped.
There was no evidence of CYP3A2 mRNA expression in the liver of rats receiving cetrorelix. It was in accordance with the lack of male-specific CYP3A2 protein presence in both experimental groups in the Western blot analysis (data not presented).
"Female" CYP isoforms Most of the changes in female-specific CYP2C12 mRNA expression observed during 3 months of dalarelin and cetrorelix administration were not statistically significant. Contrary to unchanged CYP2C12 mRNA expression, dalarelin decreased CYP2C12 protein expression by 52-60% (p < 0.05) after month 1 and 2 of administration and by 17% -after month 3 (Table 5 , Figure 5 ). In turn, the influence of cetrorelix on CYP2C12 mRNA and protein expression was slightly inductive during the period of exposition (p < 0.05 for group IIC). In control and analog-treated rats, positive immunohistochemical reaction for CYP2C12 was localized in hepatocytes of zone 3 of the liver acini ( Figure 5 ). Positive immunohistochemical reaction for CYP2C12 after dalarelin injections was weaker as compared to controls. Abbreviations as in Table 1 , 2 and 4.
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Sex-independent CYP isoform Dalarelin significantly elevated sex-independent CYP3A1 mRNA expression (by 35%) after month 1 of drug administration (Table 6 ). Dalarelin-induced CYP3A1 protein expression (by 10-11%) was observed in groups IID and IIID, and (by 17%) in group IIID+2 (p < 0.05). Cetrorelix significantly induced CYP3A1 mRNA expression after month 1 (by 238%) and month 2 (by 96%) of administration (p < 0.05). The inductive but not statistically significant influence of cetrorelix was also observed after month 3 (by 64%) and during the period after the last injection. At the same time, cetrorelix decreased CY-P3A1 protein expression in group IIIC (by 53%, p < 0.05) and IIIC+1 (by 28%, p < 0.05) (Figure 7 ). These changes were quickly reversible. Zone 3 of the liver acinus was the most important localization of CYP3A1 in rats from both, control and experimental groups (Figure 7) . A positive reaction for CYP3A1 was respectively. Cetrorelix significantly (p < 0.05) induced CYP3A9 mRNA expression after month 1 (by 60%), month 2 (by 58%) and month 3 (by 94%) of administration. All these changes were reversible after treatment discontinuation. At the same time, cetrorelix significantly induced the CYP3A9 protein expression (even more than 4.5 times, p < 0.05). All these changes were reversible 2 weeks after analog administration had been stopped ( Figure 6 ). Zone 3 of the liver acinus was the most important localization of CYP3A9 in rats from both, control and experimental groups ( Figure 6 ). In general, CYP3A9 expression reversibly decreased after dalarelin administration but it was visible in all 3 zones of the hepatic acini. After cetrorelix administration, numerous strongly CYP3A9-positive cells were visible mostly in zone 3 and 2, and (to a lesser degree) in zone 1. These changes were reversible after antagonist treatment discontinuation. 
Abbreviations as in Table 2 . extended after 1 month of dalarelin administration. It was observed not only in zone 3 but also in zones 1 and 2 of the liver acini. Hepatic localization of CYP3A1 remained unchanged after cetrorelix administration and was restricted mostly to zone 3.
Transcriptional factors mRNA expression and PXR immunolocalization
Dalarelin significantly increased PXR mRNA expression only after the 1st month of administration (by 40%, p < 0.05) ( Table 7) . After 1, 2 and 3 months of dalarelin administration, nuclear PXR protein expression decreased by 18%, 33% and 50% (p < 0.05), respectively ( Figure 8 ). These changes were quickly reversible. Cetrorelix did not change PXR mRNA expression, with the exception of lower expression in III+1 group. Significant (p < 0.05) Dalarelin   Cetrorelix   REL   REL   IK  ID  IID  IIID  IIID+1  IIID+2  IIID+4  IIIK  IIIK+4 1st, 2nd, 3rd -zones of the liver acinus. Other abbreviations as in Table 2 . Abbreviations as in Table 1 , 2 and 4. Abbreviations as in Table 2 . IK  ID  IID  IIID  IIID+1  IIID+2  IIID+4  IIIK  IIIK+4 1 
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Abbreviations as in Table 2 . Dalarelin administration did not cause statistically significant changes in HNF4α mRNA expression (Table 8 ). In contrast to dalarelin, administration of cetrorelix caused a significant (p < 0.05) increase in the HNF4α mRNA expression which persisted for up to 4 weeks after administration. The expression increased from 74% to 227%. Characteristics of changes in HNF6 mRNA expression were very similar to those observed in the case of HNF4α. Dalarelin administration caused a statistically insignificant decrease in HNF6 mRNA expression in groups ID (by 56%) and IID (by 25%). Administration of cetrorelix caused a significant increase in HNF6 mRNA expression after 2 and 3 months, persisting for up to 4 weeks after analog administration. The expression increased from 22% (in group IIC) to 327% (in group IIIC+4). Most of these changes were statistically significant (Table 8 ).
All the results of this study are summarized in Table 9 .
decrease in PXR protein expression (from 13% to 51%) during administration of cetrorelix was also observed, however these changes were persistent for 4 weeks. In the control and experimental groups, PXR protein expression was distinct in zone 3 of the liver acinus, in the cytoplasm, and in some cases in the nuclei of hepatocytes localized around the central veins ( Figure 8) . A noticeable but reversible decrease in immunoreactivity of hepatocytes was observed in the group administered dalarelin for 3 months. A similar decrease but more pronounced and lasting longer was observed after 2 months of cetrorelix administration. In both cases, positive immunological reaction was found mainly in the cytoplasm of hepatocytes. Dalarelin caused the decrease in STAT5b mRNA expression after month 1 (by 60%), month 2 (by 32%) and month 3 (by 46%) of administration, reversible after the period of treatment. In turn, cetrorelix did not cause statistically significant changes in STAT5b mRNA expression during treatment (Table 8) . Table 1, 2 and 4. cetrorelix, GnRH antagonist, elevates GH blood concentrations and causes changes in the 24-h pattern of the GH secretion in female SD rats, from stabilized to characterized by 3 peaks during a 24-h period (at 7:30 a.m, 10:30 a.m. and 4:30 p.m.). Long-term administration of dalarelin, a GnRH agonist, does not cause significant changes in the circadian pattern of the GH secretion. However, it results in the reduction of mean 24-h GH concentrations. These changes persisted after discontinuation of analog administration. Our findings are consistent with the results of the study using GnRH agonist -triptorelin [24] . The authors found that triptorelin decreased baseline GH levels in female rats (p < 0.01) but to a lesser extent than ovariectomy.
Our observations have indicated that the mechanisms of regulation of circadian GH secretion profiles by GnRH agonist and antagonist are extremely different. They probably depend not only on sex hormone levels (because of inhibited secretion) but also other factors which are activated during the process of desensitization, different for agonist and antagonist action. It is why we have observed slight changes in sex-independent CYP3A1 protein expression: after administration of dalarelin, CYP-3A1 expression increased slightly whereas the effect cetrorelix was opposite. However, changes in the 24-h pattern of the GH secretion and in the mean 24-h GH concentrations may be crucial for the GH-dependent and sex-specific expression of hepatic CYP450, especially in cases when concentrations of sex hormones are very low or undetectable [8, 32] . It is known that as little as 3% of the normal concentration of the GH found in female rats is sufficient to decrease CYP3A2 and CYP-2C11 expression in males, and to cause feminization of the hepatic CYP450 [9] . Concurrently with different effects of the agonist and antagonist on plasma GH levels and changes in the 24-h GH secretory amplitude under the influence of cetrorelix, we observed different expressions of
DISCUSSION
As described earlier, characteristics of 24-h GH secretions are known to be different in adult females and males [3] . Pulsatile nature of the GH secretion is strongly marked in male rats. Twenty-four-hour GH secretion is more stable in females. Previous studies have shown that mean plasma GH level in young (5 months), middle-aged (11 months) and old (25-29 months) female SD rats decreases with age [32] . Mean plasma GH levels measured with radioimmunoassay were 99.1 ng/ml, 56.3 ng/ml and 49.7 ng/ml, respectively. The average amplitude of GH pulses was as follows: 130.4 ng/ml in young, 87 ng/ml in middle-aged and 69.3 ng/ml in old rats.
Here, we have demonstrated that in aging female rats the GH secretion is reduced and declines before month 11 of life (between months 5 and 6). This observation was confirmed by Dhir et al. [33] who compared the mean plasma GH secretion in 3-month-old and 1-year-old female rats. Mean plasma GH concentrations were 44 ng/ml and 29 ng/ml, respectively, and the average amplitudes of GH peaks were 105 ng/ml and 85 ng/ml, respectively. Our approach to the studies on the mechanism of GHdependent CYP450 expression was to reflect clinical therapies, in which the hypothalamic-pituitary-gonadal axis was suppressed by long-term administration of GnRH analogs. In this study we expected pharmacological pituitary desensitization ("chemical gonadectomy," "pharmacological castration") by GnRH analogs in adult female rats to affect not only sex hormones but also GH blood levels. Desensitization may indirectly modify the GH total concentration and its 24-h secretion profile due to the possible relations between estrogens and GH action [23, 24] . We noticed low concentrations of ovarian sex hormones in GnRH analog-treated rats as compared to control (proestrus) concentrations, and an opposite and statistically significant effect of GnRH agonist and antagonist on the GH blood level. Long-term administration of analogs on CYP3A9 isoform is much more distinct as compared to CYP2C12. The number of publications dealing with the effects of GnRH analogs administration on CYP450 is highly limited. It was found that buserelin (GnRH agonist) administration to rat males resulted in the decrease (in a dose-dependent manner) in the serum level of testosterone, and CYP450-dependent activity of aminopyrine N-demethylase, 7-propoxycoumarin O-depropylase and testosterone 2α-hydroxylases and 16α-hydroxylases but not aniline p-hydroxylase [37] . Another GnRH agonist, leuprolide, exerted a direct inhibitory action on gonadotropininduced follicular development by decreasing temporal expression of thecal CYP450 17α-hydroxylase, androgen production, and as a consequence, reduction of estrogen concentrations in developing follicles [38] . Immunohistochemical studies have indicated that leuprolide induces steroidogenic acute regulatory protein (StAR) expression mainly in the theca cells of primary and secondary follicles, and significantly increases levels of progesterone and decreases androsterone in the blood serum, respectively. Our study has shown differentiated effects of dalarelin and cetrorelix on the expression of selected transcription factors, namely: STAT5b, HNF4α and HNF6. Signal transducer and activator of transcription 5b is thought to be the main transcription mediator of sex-dependent effects of the GH in the liver, due to its stimulatory effects on male-specific genes and inhibitory effects on femalespecific genes. In the liver, its activity depends on plasma GH pulses [3] . In our study, dalarelin, unlike cetrorelix caused a reversible decrease in the expression of STAT5b mRNA. However, higher or lower STAT5 activity is not critical for the GH-regulated hepatic sex-dependent gene expression. The specific pattern of activity is crucially intermittent in males and continuous in females. Nevertheless, the decreased GH blood concentrations, stabilization of the 24-h GH secretory profile, as well as male-and female-specific CYP450 isoforms. It allowed us to effectively identify the effects caused by each analog at the level of molecular mechanism regulating GH-dependent CYP450 expression. These changes facilitate identification of the transcription factors responsible for the GH-dependent CYP450 expression. It should be noted that hormonal changes caused by dalarelin and cetrorelix resulted in 24-h hormonal patterns which were not male-specific. Putting together the results on male-specific CYP450 expressions, we found CYP-2C11 mRNA but not CYP2C11 protein expression, in both intact and analog-treated rat liver. It should be noted that CYP2C11 mRNA expression was also detected in other studies, in the liver, spleen, thymus and bone marrow of intact female rats [34] . The expression of malespecific CYP3A2 isoform was also detected but only at low and individually variable level in the livers of females administered dalarelin for 1, 2 and 3 months. The studies on the expression of female-specific isoforms have shown that although CYP2C12 mRNA and CYP3A9 mRNA expression after 3 months of dalarelin administration was statistically unchanged, appropriate protein expressions were significantly reduced during the exposure period. Similar assumptions were made by the group of Banerjee [35, 36] who investigated some clinical protocols in male and female rats by application of somatostatin analog, octreotide. In octreotide-treated female SD rats the GH profiles were characterized by almost 25% reduction in plasma levels, including both pulse and interpulse components but still contained female-like secretory profile. Female-specific CYP450 expression levels were dramatically down-regulated, which could not be explained as a result of alterations in the feminine circulating GH profile. In turn, in our study the expression of female-specific isoforms, especially CYP3A9, was significantly increased under the influence of GnRH antagonist -cetrorelix. In general, both at mRNA and protein levels, the effect of expressions, in the case of which it binds with the GT-TAAT sequence [11, 16] . Transcription factors, such as HNF-4α, are essential for a proper induction of CYP450 genes with the participation of PXR (human CYP2C9 and CYP3A4) and constitutive androstane receptors (CAR) (CYP2C9) [42] . Pregnane X receptor agonists, such as androgens, dexamethasone, μ-benzene hexachloride (μ-BHC), and some other endocrine disruptors may induce CYP2C11 mRNA in males and females [43] . Our study has shown that both, dalarelin and cetrorelix, significantly decreased PXR protein expression after 1, 2 and 3 months. Cetrorelix-induced changes were persistent even for 4 weeks after the administration. Hepatocyte nuclear factor 4α is generally known as the positive regulator of "male" CYP2C11 expression whereas HNF6 is known as the positive regulator of "female" CYP2C12, and negative of "male" CYP2A2 expression. Hepatocyte nuclear factor 6 and HNF3β are 2-3-times more expressed in female rat liver [44] . The loss of female-specific GH secretion pattern, following hypophysectomy, resulted in the decrease of HNF6 and HNF6-dependent HNF3β activity, which was reflected by strong activation of male-specific CYP2A2 transcription and inhibition of CYP2C12 expression [45] . On the other hand, HNF6/Onecut 1 probably cooperates with STAT5 in positive regulation of some male-biased genes [39] . We have noticed that the influence of GnRH agonist and antagonist is very similar in the case of HNF4α and HNF6 but different comparing to STAT5b, which seems to be crucial for the regulation of the parity of analog/ GH-dependent female/male CYP450 expression. The changes in the expression of HNF4α and HNF6 caused by cetrorelix (a significant increase in both HNF4α and HNF6 mRNA expression) were much more significant and persistent as compared to dalarelin. The changes caused by cetrorelix were accompanied by an increased expression of the female-specific isoforms and unchanged inhibition of STAT5b transcription factor by dalarelin did not promote induction of female-specific: CYP2C12 and CYP3A9 proteins. On the other hand, male-specific isoforms were induced at the same time. Zhang et al. [39] found a strong correlation between sexdependent STAT5 binding and sex-biased target gene expression. It was associated, among others, with several sex-dependent epigenetic modifications and sex-differentially enriched motifs for HNF6/CDP (CCAAT enhancer displacement protein) family factors. Moreover, these authors observed that lipid metabolism and CYP450-dependent reactions are top functional categories enriched in STAT5 and BCL6 (B-cell lymphoma 6) transcriptional repressor common target genes. Binding sites for BCL6 overlap those of STAT5, which shows male-biased expression in the liver, and is down-regulated by the female plasma GH profile. Although STAT5b is the most important among STAT proteins, in some cases STAT5b has to cooperate with STAT5a. For example, both proteins may activate CYP2C12 gene expression by binding sequences which are unavailable in males [40] . In addition to STAT5b, liver-enriched transcription factors HNF4α and HNF6 are also crucial for the GH-and sex-dependent liver gene expression. Hepatocyte nuclear factor 6 is considered to be an early (during 1st 24-h) GH response gene being a direct target for the GH action in the liver, the expression of which is induced by this hormone [13] . The question whether these factors cooperate directly with STAT5 (STAT5b and STAT5a) to regulate hepatic sex differences remains to be elucidated [39] . The study of Conforto and Waxman, revealed that HNF4α was one of the main transcriptional regulators involved in the developmental changes that led to global acquisition of rodent liver sex-specificity by 8 week of age [41] . Hepatocyte nuclear factor 4α was found to be a regulator of several animal (CYP2A, CYP2C, CYP3A) and human CYP450 (CYP2C9, CYP2D6, CYP3A4) IJOMEH 2016;29(2) 311 the changes in the analog/GH-dependent parity of female/ male CYP2C and CYP3A expressions in female rats. Changes in the expression of CYP2C and CYP3A isoforms are probably not a simple result of an increase/decrease in sex positive/negative transcriptional regulators but rather of complex crosstalk between endogenous hormones and GnRH analogs.
CONCLUSIONS
The expression of male-and female-specific CYP2C and CYP3A cytochromes during a long-term administration of low dose of GnRH analogs is regulated by different, analog-dependent mechanisms which may concern different 24-h patterns and levels of the GH secretion, and lowered sex hormone concentrations. Long-term administration of cetrorelix, GnRH receptor antagonist, elevates the GH blood concentrations and causes changes in the 24-h pattern of the GH secretion in female rats, from stabilized to characterized by high peaks during a light phase. Long-term administration of dalarelin, GnRH agonist, does not cause significant changes in the circadian pattern of the GH secretion. However, it results in the reduction of mean 24-h GH concentrations. Changes in the circadian pattern/mean level of the GH secretion induced by cetrorelix may cause an increased expression of female-specific isoforms, especially -CY-P3A9, and a decreased expression in the CYP3A1 protein.
These hormonal changes do not affect male CYP2C11 and CYP3A2 protein expressions. Increased expression of female-specific isoforms is accompanied by an increased expression of the transcription factors: HNF4α and HNF6, which may indicate their significant role in cetrorelix/GH-dependent regulation of the expression of female-specific CYP450 isoforms. Decreased GH blood concentrations and stabilization of the 24-h GH secretory profile by dalarelin may promote inhibition of female-specific: CYP2C12 and CYP3A9 proteins as well as STAT5b transcription factor. Induction of male-specific isoform CYP2C11 and CYP3A2 at higher doses of dalarelin cannot be excluded. Inhibition of the PXR protein expression caused by GnRH analogs indicates that PXR may not be directly related to
